Abstract-This paper investigates the effects of three aspects of the supercapacitor physics on its charge capacity: porous electrode structure, charge redistribution, and self-discharge. The relationship between the delivered charge and the discharge current is examined for both the upper and lower bounds of the utilized charge capacity, which refers to the amount of charge delivered during a constant-current discharge process. In the upper bound case, Peukert's law applies when the discharge current is above a certain threshold and does not apply anymore if the discharge current is below the threshold. In the lower bound case, if the discharge current is above a specific threshold, the delivered charge increases when the discharge current decreases although the increase rate is lower compared to that in the upper bound case. The individual and combined effects of the three supercapacitor mechanisms are studied. The porous electrode structure and the charge redistribution process result in an increase in the delivered charge when a smaller discharge current is applied. The impact of self-discharge is negligible when the discharge current is relatively large. If the discharge current is sufficiently small, self-discharge results in a significant energy loss and consequently a drop in the delivered charge.
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I. INTRODUCTION
A MONG various energy storage technologies, supercapacitors are advantageous in several aspects such as high power density and long cycle life. Therefore, supercapacitorbased energy storage systems have been employed by a number of applications including electric and hybrid vehicles, smart grid, wireless sensor networks, and biomedical devices. Modeling and characterization of supercapacitors have been of great interest. Supercapacitors are usually constructed using porous carbon electrodes [1] . The porous electrode theory [2] suggests that an electrode can be modeled as an RC transmission line [3] . Consequently, a ladder circuit [4] composed of multiple RC branches with different time constants captures the distributed nature of the supercapacitor capacitance and resistance.
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Digital Object Identifier 10.1109/TPEL. 2018.2812882 To reduce the model complexity, different versions of simplified equivalent circuit models [5] - [8] have been proposed. In addition, various models have been developed to investigate a particular aspect of the supercapacitor behavior such as selfdischarge [9] - [13] , charge redistribution [14] - [16] , voltage dependence of capacitance [14] , [17] , [18] , as well as power and energy capabilities [19] - [22] . In addition to modeling and characterization, how to accurately and quickly estimate the supercapacitor state of charge is also a crucial research topic. Although the supercapacitor terminal voltage is a natural indicator of its state, accurate estimation of the state is still challenging because the supercapacitor capacitance and equivalent series resistance (ESR) are affected by multiple factors such as its terminal voltage [23] , temperature [24] , and aging condition [25] in a complex manner. Numerous frameworks have been proposed to identify supercapacitor parameters and estimate supercapacitor states, which include offline methods based on electrochemical impedance spectroscopy [26] or waveform relaxation [27] as well as online approaches utilizing Kalman filters [28] , [29] , recursive least squares [30] , [31] , or the Lyapunov-based adaptation law [32] .
Recently, the impacts of supercapacitor physics especially the charge redistribution process on various aspects of the supercapacitor behavior have been investigated. Charge redistribution is a relaxation process originated from the porous electrode structure of supercapacitors. Due to the distributed nature of the supercapacitor capacitance and resistance, there is a potential distribution down the electrode pores when the electrode is charged or discharged [33] , or equivalently, the pores at or near the surface of the electrode are accessed first followed by the pores at the bottom. Therefore, the charge stored in the supercapacitor tends to redistribute among different RC branches to reach an equilibrium. In addition to modeling and characterization of charge redistribution [14] - [16] , various aspects of this process have been extensively investigated, which include its effects on the supercapacitor terminal voltage behavior [34] - [38] , energy loss associated with this process [34] , [39] , and its impact on power management in wireless sensor networks [34] , [40] - [42] . In particular, the impact of charge redistribution on the amount of charge delivered by a supercapacitor during one or multiple constant-current discharge processes has been studied [43] .
Based on the methodology developed in [43] , this paper conducts a comprehensive and in-depth study of the effects of three aspects of the supercapacitor physics on its charge capacity at room temperature: porous electrode structure (i.e., distributed 0885-8993 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. nature of capacitance and resistance), charge redistribution, and self-discharge. Specifically, the upper and lower bounds of the utilized charge capacity (i.e., the amount of charge delivered during a constant-current discharge process) and the total charge capacity (i.e., the amount of total available charge stored in the supercapacitor) are examined. This paper extends [43] in three aspects: (1) the rated capacitance of the supercapacitor samples is expanded from 100 F only to three values: 10, 100, and 350 F; (2) the initial voltage of the constant-current discharge experiment is swept and three other values (i.e., 2, 1.35, and 0.7 V) are considered in addition to the rated voltage of 2.7 V; (3) the swept discharge current range is extended. These extensions lead to new results and observations, which are explained by the individual and combined effects of the three aspects of the supercapacitor physics. In particular, this paper reveals that the impact of self-discharge becomes significant when the discharge current is sufficiently small, which results in a drop in the utilized charge capacity. The remainder of this paper is organized as follows. Section II studies the upper bound of the utilized charge capacity corresponding to a fully charged supercapacitor. Section III examines the lower bound of the utilized charge capacity associated with a partially charged supercapacitor. Section IV compares the bounds of the utilized charge capacity. Section V compares the bounds of the total charge capacity. Section VI concludes this paper.
II. UPPER BOUND OF THE UTILIZED CHARGE CAPACITY

A. Experiments and Results
This section investigates the upper bound of the utilized charge capacity of supercapacitors, which is measured by discharging a fully charged supercapacitor after a long-time constant-voltage charge process. The experiments are designed and performed using the methodology developed in [43] . The three supercapacitor samples with different rated capacitances from different manufacturers listed in Table I are tested using an automated Maccor Model 4304 testing system at room temperature. In fact, sample 2 is also examined in [43] .
For each sample, a set of constant-current discharge experiments is performed when the initial voltage of the discharging process is fixed at a particular value. The rated voltage is the same for the three samples, and the initial voltage is approximately linearly swept: 2.7, 2, 1.35, and 0.7 V. To illustrate the experiment design, Fig. 1 shows the measured supercapacitor terminal voltage during a 10-A experiment when the initial voltage is 2.7 V for sample 2. During this experiment, the su- percapacitor is first conditioned by ten charging-redistributiondischarging cycles to minimize the effect of residual charge [44] . It is then charged by a constant-voltage source of 2.7 V for 3 h, which is designed to fully charge the supercapacitor. After that, a 10-A constant discharge current is applied and the supercapacitor is discharged to 0.01 V. The discharging termination voltage is set as 0.01 instead of 0 V for safety considerations. Taking 2.7 V as the initial voltage and 0.01 V as the cutoff voltage, the charge delivered during this constant-current discharge process is calculated as
where I is the discharge current and t is the discharge time. For this experiment, the delivered charge is 252.4 C, which is referred to as the utilized charge capacity. In this paper, "delivered charge" means "utilized charge capacity," and these two terms are used interchangeably. The experiment continues to estimate the total charge capacity, which will be examined in Section V. After the supercapacitor voltage reaches the discharging termination condition of 0.01 V, the discharge current is disconnected and the supercapacitor experiences charge redistribution, which results in an increase in the terminal voltage. Once the terminal voltage increase rate is less than 0.01 V per 5 min, the charge redistribution process is considered complete and the discharge current is applied again. This discharging-redistribution cycle is repeated ten times to extract the charge stored in the supercapacitor to the maximum extent possible. For this experiment, the sum of the charge delivered during the ten dischargingredistribution cycles is 293.7 C, which is referred to as the total charge capacity. Depending on the supercapacitor sample specifications and the supercapacitor tester capabilities, a set of constant discharge currents is swept for each sample. For sample 2, nine currents are selected: 10, 5, 1, 0.5, 0.1, 0.05, 0.01, 0.005, and 0.0025 A. Fig. 2 shows the relationship between the delivered charge and the discharge current. The initial voltage is swept and the cutoff voltage is fixed at 0.01 V. For brevity, Figs. 3 and 4 only show the results for samples 1 and 3 when the initial voltage is 2.7 and 0.7 V, respectively. Compared to [43] , this paper extends the supercapacitor charge capacity study in three aspects: (1) the rated capacitance of the supercapacitor samples is expanded from 100 F only to three values: 10, 100, and 350 F; (2) the initial voltage of the constant-current discharge experiment is swept and three other values (i.e., 2, 1.35, and 0.7 V) are considered in addition to the rated voltage of 2.7 V; (3) the swept discharge current range is extended (e.g., 0.005 and 0.0025 A are added for sample 2). These extensions lead to the following results and observations. First, the relationship between the delivered charge and the discharge current is similar for all samples at all initial voltages. Specifically, the delivered charge pattern is partitioned into two pieces: Peukert's law applies when the discharge current is above a certain threshold and does not apply anymore when the discharge current is below the threshold. Originally developed for lead-acid batteries, Peukert's law [45] states that the delivered charge of a battery depends on the discharge current: the larger the discharge current, the less the delivered charge. Take Fig. 2 (a) for instance. Clearly, for the seven discharge currents (i.e., 10, 5, 1, 0.5, 0.1, 0.05, and 0.01 A), the delivered charge increases when the discharge current decreases, which indicates that Peukert's law applies. For the other two discharge currents (i.e., 0.005 and 0.0025 A), however, the delivered charge decreases when the discharge current decreases and Peukert's law does not apply anymore. In fact, the delivered charge peaks at 0.01 A when the nine discharge currents are considered. This observation can be interpreted as follows. While Peukert's law applies when the discharge current is above a certain threshold because of the porous electrode structure and the charge redistribution process [43] , the delivered charge will not increase anymore if a sufficiently small discharge current is applied to exhaust the total available charge given the finite voltage and capacitance of the supercapacitor. Therefore, there exists a minimum discharge current below which the delivered charge discontinues to increase. When the discharge current is sufficiently small, the discharge time is extended and the self-discharge process results in a significant energy loss, which ultimately leads to a drop in the delivered charge, as elaborated in Section II-B using simulation results.
Second, the delivered charge pattern shows some fine structures when the discharge current is below the threshold. In some cases, the delivered charge monotonically decreases when the discharge current decreases: Figs . This is because of the limited accuracy and precision of the delivered charge data as well as the relatively sparse discharge current values swept. Therefore, it can be anticipated that there exists a certain discharge current at which the delivered charge peaks if the discharge current is more densely swept with a smaller step, as elaborated in Section II-B using simulation results.
Third, the discharge current threshold varies with the initial voltage and the supercapacitor sample. The threshold for sample 2 is 0.01 A at 2.7 and 2 V and 0.005 A at 1.35 and 0.7 V. For sample 1, it is 0.01 A at 2.7 and 2 V and 0.005 A at 1.35 and 0.7 V. The threshold is 0.07 A at 2.7 V and 0.014 A at 2, 1.35, and 0.7 V for sample 3. Since the three samples are made by different manufacturers and their specifications vary in terms of parameters such as rated capacitance, leakage current, and ESR value, the similarities in their delivered charge patterns suggest that the relationship between the delivered charge and the discharge current can be utilized by a variety of supercapacitors with different ratings. As for the discharge current threshold above which Peukert's law applies, a rigorous and systematic study needs to be conducted to examine the effects of various factors such as device physics, manufacturing process, rated capacitance, rated voltage, leakage current, ESR value, operation temperature, and aging condition, which is beyond the scope of this paper and will be addressed in succeeding studies.
B. Effects of Porous Electrode Structure, Charge Redistribution, and Self-Discharge
To investigate the physical mechanisms leading to the relationship between the delivered charge and the discharge current observed in Section II-A, a generic RC ladder circuit model for 100-F supercapacitors is conceived and analyzed, as shown in Fig. 5 . Consistent with the model used in [43] , this model keeps the five RC branches (R 1 through C 5 ) to capture the distributed nature of the supercapacitor capacitance and resistance, which is a result of the porous electrode structure and also the origin of the charge redistribution process. Different from the model used in [43] , this one incorporates a parallel leakage resistor R 6 to represent the self-discharge process. The supercapacitor terminal voltage is denoted as V T , which is a measurable parameter. In fact, V T equals the voltage across the first RC branch composed of R 1 and C 1 . During a charging or discharging process, the source or load is applied to the supercapacitor terminals and the capacitor of each RC branch is accessed through a series connection of all resistors from the supercapacitor terminals to the branch in question. The time constant of each RC branch can be written as
and the porous electrode theory gives that
The component values of the five RC branches are tuned to generate time constants that can be used to characterize the supercapacitor behavior on various time scales: τ 1 = 1.05, τ 2 = 10, τ 3 = 100, τ 4 = 1000, and τ 5 = 10 000 s. The total ca- pacitance of the five branch capacitors is 100 F. The first branch capacitance is 70% of the total capacitance because this is the major branch. The capacitances are 16, 8, 4, and 2 F for the remaining four branches with a scale factor of 0.5 based on the fact that a slower branch makes a smaller contribution to the total capacitance. As for resistors, the first branch resistance uses the typical ESR value specified in the sample 2 datasheet. The other four resistances are calculated based on the corresponding time constants and capacitances using (2) . As for the parallel leakage resistor R 6 , its value is estimated based on the rated voltage and the leakage current specified in the sample 2 datasheet. It should be noted that this model is conceived to explain the impact of supercapacitor physics on the delivered charge. The model component values are assumed with certain arbitrariness, and they are not determined by characterizing the supercapacitor sample because it is experimentally challenging to identify the component values in an effective manner. In fact, the self-discharge process is simplified to a great extent, and only a constant leakage resistor R 6 is used to represent this complex process [9] - [13] .
To illustrate the effects of supercapacitor physics on the delivered charge pattern shown in Fig. 2(a) , the model shown in Fig. 5 is simulated using LTspice. The simulation setup and results are as follows. The initial voltages of the five branch capacitors are set to be 2.7 V and the discharge current is swept. For each current, the delivered charge associated with the cutoff voltage of 0.01 V is calculated, as shown in Fig. 6 . To demonstrate the effects of self-discharge, this plot includes two sets of data obtained from two configurations of the model: one with R 6 and the other without R 6 . It can be observed that these two datasets overlap when the discharge current decreases from 50 to 0.05 A and separate for 0.05-0.001 A. The model with R 6 results in a delivered charge pattern consistent with the experiment results shown in Fig. 2(a 
As shown in Figs. 2(a) and 6, different patterns are observed for the delivered charge when the discharge current varies, which are due to the combined effects of the porous electrode structure and the charge redistribution and self-discharge processes. Previous studies [34] - [37] have revealed that the impact of charge redistribution on supercapacitor voltage change and energy loss is more significant during a relatively short term while self-discharge needs to be taken into account in the long term. When the discharge current is relatively large (i.e., 10-0.01 A in Fig. 2(a) or 50-0.05 A in Fig. 6 ), the discharge time is relatively short. Therefore, the charge redistribution process dominates and the impact of self-discharge is negligible. As analyzed in [43] , due to the distributed nature of the supercapacitor capacitance and resistance and the charge redistribution process, more charge is extracted if the discharge current is smaller, and therefore, Peukert's law applies. If the discharge current is sufficiently small (i.e., 0.01-0.0025 A in Fig. 2(a) or 0.05-0.001 A in Fig. 6 ), the discharge time is extended and the significant impact of self-discharge on energy loss needs to be taken into account, which results in a drop in the delivered charge.
To illustrate the fine structures of the delivered charge pattern, the discharge current in The effects of the supercapacitor porous electrode structure and the charge redistribution and self-discharge processes on the delivered charge are analyzed for two discharge currents: 1 and 0.005 A. The simulation results for the current of 1 A are shown in Fig. 7 . Specifically, Fig. 7(a) plots the simulated supercapacitor terminal and five branch capacitor voltages using the model shown in Fig. 5 when R 6 is present. As analyzed in [43] , when a discharge current is applied to bring the supercapacitor terminal voltage down to the cutoff voltage, the charge stored in the RC branches is extracted progressively from the first branch with the smallest time constant to the last branch with the largest time constant. A smaller discharge current requires a longer time to reduce the supercapacitor terminal voltage (mainly the voltage across the first branch capacitor) to the cutoff voltage. As the discharge time extends, more charge stored in slow branches with large time constants is extracted. In the meantime, the charge stored in slow branches redistributes to fast branches, which decelerates the drop in the terminal voltage and prolongs the discharge time.
As shown in Fig. 7(a) , the terminal voltage V T almost overlaps with V 1 . Charge is mainly extracted from C 1 and its voltage drops rapidly. Because of the increasingly larger time constant of the corresponding branch, the drop in V 2 − V 5 becomes smaller at a particular time compared to the drop in V 1 . Given the voltage differences between V 2 − V 5 and V 1 , charge is unidirectionally redistributed from C 2 − C 5 to C 1 during the entire discharging process, which decelerates the drop in V 1 . When the discharge current is smaller, these effects are more significant, and therefore, more charge is extracted from the supercapacitor. Consequently, the final values of the branch capacitor voltages at the end of the discharging process are lower, i.e., the supercapacitor is closer to be fully discharged. As shown in Fig. 7(a) , the final voltages at t = 240.553 s are V T = 0.010, V 1 = 0.025, V 2 = 0.179, V 3 = 1.150, V 4 = 2.560, and V 5 = 2.667 V for the current of 1 A. For comparisons, Fig. 8(a) shows the results for the current of 0.005 A and the final voltages at t = 52321.137 s are V T = V 1 = 0.010, V 2 = 0.011, V 3 = 0.019, V 4 = 0.076, and V 5 = 0.270 V. Clearly, more charge is extracted when the discharge current is 0.005 A because the branch capacitors are more deeply discharged.
While it is obvious that the delivered charge increases when the discharge current decreases if the discharge current is above a certain threshold, the increase rate of the delivered charge becomes lower when the discharge current is smaller. The increase rate can be quantified in terms of the increase in the delivered charge when the discharge current decreases by a factor of 10 (i.e., one decade). Take the 2.7-V experiment of sample 2 for instance. As shown in Fig. 2(a) , the delivered charge increases when the discharge current decreases from 10 to 0.01 A. The increase in the delivered charge is 21.46 C when the discharge current decreases from 10 to 1 A. The increase rate can be denoted as 21.46 C/dec for the current range of 10-1 A. For 1-0.1 and 0.1-0.01 A, the rate is 15.08 and 12.33 C/dec, respectively. A similar pattern is observed in Fig. 6 . For the three current ranges of 10-1, 1-0.1, and 0.1-0.01 A, the rate is 38.44, 17.20, and 5.47 C/dec, respectively. The decaying increase rate of the delivered charge is due to the smaller capacitance and, therefore, the less charge contributed by a slower branch with a larger time constant when a smaller discharge current is applied, which can be intuitively explained using the model shown in Fig. 5 . Suppose a discharge current I 0 fully discharges C 1 through C 3 and leaves C 4 and C 5 still fully charged (i.e., 2.7 V) at the end of the discharging process. Then, a smaller discharge current (e.g., 0.1I 0 ) fully discharges C 4 and leaves C 5 still intact. In this case, the delivered charge is increased by 10.8 C (Q = C 4 V = 4 × 2.7 = 10.8 C, the cutoff voltage is assumed to be 0 V). Finally, an even smaller discharge current (e.g., 0.01I 0 ) fully discharges C 5 , and the delivered charge is increased by 5.4 C, which is smaller compared to that resulted from 0.1I 0 .
The impact of self-discharge on the delivered charge can be illustrated using Figs. 7(b) and 8(b) . During the entire discharging phase, energy is dissipated by R 6 representing the self-discharge process. For the current of 1 A, since the discharge time is relatively short (i.e., 240.553 s), the effect of self-discharge is insignificant. In fact, Fig. 7(b) compares two sets of V T and V 5 : one with R 6 and the other without R 6 . It can be observed that when R 6 is present, V 5 is slightly lower at the end of the discharging phase: 2.667 versus 2.699 V when R 6 is not present. On the other hand, the impact of self-discharge becomes significant during the extended discharging phase if the discharge current is sufficiently small. For the current of 0.005 A, as shown in Fig. 8(b) , when R 6 is present, V 5 drops much faster compared to the case in which R 6 is not present. At the end of the discharging phase, V 5 is 0.270 V when R 6 is present and 0.563 V when R 6 is not present. Consequently, V T reaches the cutoff voltage faster (52321.137 versus 53495.159 s) and the delivered charge is less (261.606 versus 267.476 C) when self-discharge is taken into account. In summary, the porous electrode structure and the charge redistribution process result in an increase in the delivered charge when the discharge current decreases, while self-discharge leads to a drop if the discharge current is sufficiently small.
III. LOWER BOUND OF THE UTILIZED CHARGE CAPACITY
A. Experiments and Results
As investigated in [43] , the lower bound of the utilized charge capacity is achieved when the supercapacitor is only partially charged to the desired voltage using the largest possible current specified in the supercapacitor datasheet. Take sample 2 for instance. Fig. 9 shows a 10-A experiment when the initial voltage of the constant-current discharge process is 2.7 V. Similar to the experiment shown in Fig. 1 for studying the upper bound of the utilized charge capacity, this experiment also includes three phases. The first phase is composed of ten charging-redistribution-discharging cycles to minimize the effect of residual charge. The third phase uses ten dischargingredistribution cycles to estimate the total charge capacity, and the first of these ten cycles is used to determine the utilized charge capacity. While the first and third phases of the lower bound experiment use the same settings as those in the upper bound experiment, the second phase is modified. The supercapacitor is first discharged by a constant-voltage source of 0.01 V for 3 h to approximate the ideal condition that the supercapacitor is completely discharged before the charging phase is initiated. It is then charged by a constant-current source of 10 A to 2.7 V. After that, a 10-A discharge current is applied, and the third phase of the experiment begins. Taking 2.7 V as the initial voltage and 0.01 V as the cutoff voltage, the delivered charge is 231.1 C for the experiment shown in Fig. 9 . On the other hand, the total charge capacity estimated using the ten discharging-redistribution cycles and the charging phase is 242.9 and 250.8 C, respectively.
The lower bound of the utilized charge capacity is also investigated for the three supercapacitor samples at various initial voltages. Fig. 10 shows the results for sample 2. Part of the results for samples 1 and 3 are shown in Figs. 11 and 12 , respectively. Similar patterns of the delivered charge are observed for the three samples at different voltages. Specifically, there exists a discharge current that results in the peaking delivered charge. When the discharge current is larger than this threshold, the delivered charge increases when the discharge current decreases. If the discharge current is below this threshold, fine structures exist: the delivered charge either monotonically decreases when the discharge current decreases or remains almost constant when the discharge current is within a certain range. The discharge current threshold is dependent on the initial voltage and the supercapacitor sample.
It should be noted that although the delivered charge increases when the discharge current is above the threshold in the lower bound case, which is similar to the pattern observed in the upper bound case, the increase rate is lower. Consider the upper and lower bounds for sample 2 at 2.7 V. For the upper bound shown in Fig. 2(a) , the increase rate is 21.46, 15.08, and 12.33 C/dec for 10-1, 1-0.1, and 0.1-0.01 A, respectively. As shown in Fig. 10(a) , the increase rate in the lower bound case is 10.79, 1.43, and 1.09 C/dec, respectively. For each of the three current ranges, the increase rate in the lower bound case is lower compared to that in the upper bound case. This is because the slow branch capacitors of the supercapacitor are fully charged in the upper bound case and they are only partially charged in the lower bound case. Therefore, when the same branch capacitor is fully discharged, a smaller amount of charge is extracted in the lower bound case.
B. Effects of Porous Electrode Structure, Charge Redistribution, and Self-Discharge
The delivered charge pattern observed in Section III-A can also be explained using the model shown in Fig. 5 . The simulation setup and results for 2.7 V are as follows. The initial voltages of the five branch capacitors are set to be 0 V. A constant-current source of 10 A is applied and the supercapacitor terminal voltage reaches 2.7 V at 20.3 s. The charging current is then removed and the discharging current is connected. Fig. 13 shows the simulated patterns with and without R 6 . Clearly, the pattern with R 6 is consistent with the experiment results and the one without R 6 is not when the discharge current is sufficiently small. When R 6 is present, the delivered charge peaks at 199.40 C at 0.01 A. The increase rate of the delivered charge is 19.10, 5.50, and 1.81 C/dec for 10-1, 1-0.1, and 0.1-0.01 A, respectively. Obviously, the increase rate in the lower bound case is significantly lower compared to the corresponding rate in the upper bound case, as shown in Fig. 6 , which is also consistent with the experiment results.
The effects of the porous electrode structure and the charge redistribution and self-discharge processes are illustrated using the 1-and 0.005-A current simulation results shown in Figs. 14 and 15, respectively. As shown in Fig. 14(a) , the charging process using a large current mainly charges the first branch capacitor, and the slow branch capacitors are not fully charged. In fact, the five branch capacitor voltages V 1 − V 5 are 2.550, 1.471, 0.116, 0.001, and 0.000 V at the end of the charging process (t = 20.3 s). When the discharge current is applied, charge is first extracted from C 1 . Although V 1 drops continuously, it is still greater than V 2 − V 5 during certain periods of time and charge is transferred from C 1 to C 2 − C 5 . Take V 3 for instance. It increases from 0.116 (t = 20.3 s) to 1.067 V (t = 120.102 s) after the charging current is removed because during this period of time charge is redistributed from C 1 and C 2 to C 3 . As the discharging process continues, C 3 is accessed by the discharge current and its voltage drops. As long as V 3 is greater than V 1 and V 2 , a portion of charge flows back from C 3 to C 1 and C 2 . Therefore, different from the upper bound case shown in Fig. 7 , charge redistribution in the lower bound case is bidirectional during the entire discharging process: charge redistributes from fast branches to slow branches during the early stage and the charge transfer direction is reversed during the late stage. When the entire discharging process is considered, the charge stored in slow branches will be partially or completely extracted depending on the discharge current magnitude. Due to the extended discharge time in the 0.005-A current case, C 1 -C 4 are more deeply discharged and more charge is extracted even with a more significant energy loss due to self-discharge. Therefore, the coupled effects of the porous electrode structure and the charge redistribution process result in an increase in the delivered charge.
The impact of self-discharge is shown in Figs. 14(b) and 15(b) . When the discharge current is 1 A, the discharge time is relatively short. Because of charge redistribution, V 5 increases very slowly from the initial value of 0.000 V to the final value of 0.001 V during the discharging phase and the energy loss due to R 6 is minimal, as shown in Fig. 14(b) . In the 0.005-A current case, the discharge time is extended and the impact of self-discharge becomes noticeable because charge redistribution results in a high V 5 , as shown in Fig. 15(b) . If the discharge current is even smaller (e.g., 0.001 A), the energy loss due to self-discharge is even more significant and the delivered charge drops, as shown in Fig. 13 .
IV. COMPARISONS OF UTILIZED CHARGE CAPACITY BOUNDS
This section compares the upper and lower bounds of the utilized charge capacity by quantifying the difference between them as follows:
where U max is the upper bound, U min is the lower bound, and Q rated is the rated charge capacity determined using the rated voltage and the rated capacitance. The difference between the upper and lower bounds is normalized with respect to the rated charge capacity to compare the results for the three supercapacitor samples with different rated capacitances. The results are shown in Fig. 16 . The following observations can be made. First, the difference between the upper and lower bounds of the utilized charge capacity is significant for all samples at all voltages and discharge currents. The maximum difference is observed for sample 1 at 0.01 A when the initial voltage is 2.7 V: 23.5% or 6.35 C. The minimum is observed for sample 1 at 1 A when the initial voltage is 0.7 V: 1.89% or 0.51 C. Second, the difference is dependent on the supercapacitor sample. In general, the differences for samples 1 and 2 are at the same level, which are greater than those for sample 3. Considering the fact that the three samples vary in terms of manufacturer, rated capacitance, leakage current, and other specifications, further work needs to be conducted to examine the mechanisms leading to these differences. Third, for a specific sample, the difference is greater at a higher initial voltage. This is because of the voltage dependence of capacitance: a higher voltage results in a larger capacitance. Therefore, more charge is stored in slow branch capacitors at a higher voltage. Finally, the difference is also dependent on the discharge current. The pattern of the difference is similar to those of the delivered charge (both the upper and lower bounds): the difference peaks at a certain discharge current.
V. COMPARISONS OF TOTAL CHARGE CAPACITY BOUNDS
In addition to the utilized charge capacity delivered during a discharging process, the amount of total available charge stored in the supercapacitor is also a crucial parameter. To estimate the total charge capacity, the experiments during which the impact of self-discharge is significant are excluded and only those with discharge currents above the threshold are included. The reason is that the total charge capacity estimated using the experiment with a discharge current below the threshold underestimates the actual value. Take sample 2 for instance. Seven experiments (i.e., 10, 5, 1, 0.5, 0.1, 0.05, and 0.01 A) are used and the 0.005-and 0.0025-A experiments are excluded. The average of the seven total charge capacity values is used as the estimate. For the lower bound, in addition to the estimate obtained using the ten discharging-redistribution cycles, another estimate using the constant-current charging phase is also determined, as in [43] . The difference between the upper and lower bounds of the total charge capacity is quantified as follows:
where Q max is the upper bound, Q min is the lower bound estimated using the discharging-redistribution cycles, Q * min is the lower bound estimated using the charging phase, and Q rated is the rated charge capacity determined using the rated voltage and the rated capacitance. The results are shown in Fig. 17 .
Referring to those observations made on the utilized charge capacity, some also apply to the total charge capacity. Consistent with [43] , the Q * min estimate is greater than the Q min estimate. Therefore, δ * Q is less than δ Q . The difference is significant for all samples at all voltages even in terms of δ * Q . The difference varies with the sample. Again, the differences for sample 3 are the smallest. The difference increases when the voltage increases because of the voltage dependence of capacitance.
VI. CONCLUSION
This paper studies the individual and combined effects of three aspects of the supercapacitor physics on its charge capacity: porous electrode structure, charge redistribution, and self-discharge. The relationship between the delivered charge and the discharge current is examined for both the upper and lower bounds of the utilized charge capacity. By sweeping the initial voltage and the discharge current of the constant-current discharge experiment for three supercapacitor samples with different rated capacitances from different manufacturers, a similar pattern of the delivered charge is observed for all samples at all voltages. For both the upper and lower bounds, the delivered charge peaks at a certain discharge current and decreases when the discharge current deviates from this threshold. The discharge current threshold varies with the supercapacitor and the initial voltage of the discharge process. In the upper bound case, Peukert's law applies when the discharge current is above the threshold and does not apply anymore if the discharge current is below the threshold. In the lower bound case, if the discharge current is above the threshold, the delivered charge increases when the discharge current decreases although the increase rate is lower compared to that in the upper bound case. Moreover, comparisons of the upper and lower bounds of the utilized and total charge capacities show that the difference between the bounds is significant for all samples at all voltages and currents.
The effects of the three supercapacitor mechanisms on the utilized charge capacity are illustrated using a five-branch RC ladder circuit model. For both the upper and lower bounds, because of the porous electrode structure, or equivalently, the distributed nature of the capacitance and resistance, slow branch capacitors with large time constants are accessed during the extended discharging phase if a smaller discharge current is applied, which results in an increase in the delivered charge. In the upper bound case, charge redistribution is unidirectional, which is from slow branches to fast branches, during the entire discharging phase because all branch capacitors are fully charged at the beginning. On the other hand, charge redistribution is bidirectional in the lower bound case: from fast branches to slow branches during the early stage and the opposite during the late stage, which is because slow branch capacitors are only partially charged at the beginning. As for self-discharge, its impact is negligible if the discharge current is relatively large. If the discharge current is sufficiently small, the energy loss due to self-discharge during the extended discharging phase is significant, which results in a drop in the delivered charge.
While this paper reveals the effects of several aspects of the supercapacitor physics on its charge capacity at room temperature, it also raises questions about the discharge current threshold, as mentioned in Sections II and III. To understand the mechanisms and factors (e.g., supercapacitor physics including the electrode composition and structure as well as the electrolyte ion absorption and desorption processes, manufacturing variations, device ratings, aging condition, and operation temperature) affecting this parameter, extensive theoretical and experimental work needs to be conducted.
